INT'RODUCTION
Arginine metabolism has been studied intensively in manly organisms, beginning in earnest with the discovery of the urea cycle in mammals (139) . The genetic control of the arginine pathway was the earliest example of the one-gene, one-enzyme relationship in the biochemical genetics of Neiurosporca crassa (206) . The elucidation of the pathway in Escherichia coli followed soon thereafter, the term "repression'' having been coined to describe the regulatory behavior of acetylornithinase (229) . The discovery of carbamoyl phosphate in 1955 (131) led to many comparative studies of its metabolism (52, 130, 152) . A profound knowledge of arginine metabolism in N. crassa and Sacclhiaonvces (ceev'isiae has developed in the last 25 years. The subject justifies a comparative review, because the two organisms solve similar metabolic problems in different ways. It is likely that the fundamental phenomena of compartmentation and regulation in the two organisms can be seen throughout the evolutionary tree, used variously according to the demands of particular lifestyles.
The synthesis of arginine in fungi has three main components: the synthesis of ornithine, the synthesis of carbamoyl phosphate, and the conversion of these two compounds to arginine. The catabolic pathway consists of the hydrolysis of arginine to ornithine and urea, the breakdown of urea to ammonia and carbon dioxide, and the conversion of ornithine to glutamate. A theme to be pursued is how the anabolic and catabolic pathways can each proceed to the exclusion of the other, given ornithine as a common intermediate. A related theme is how carbamoyl phosphate and ornithine are confined to the arginine pathway in the face of enzymes that might divert them to other fates. Both of these matters involve the compartmentation of small molecules by intracellular membranes, which in S. (ereiisiae is supplemented by elaborate enzyme regulatory mechanisms.
This review describes the enzymology, genetics, and localization of the arginine enzymes of S. cere\eisiae and N. crassa. This is followed by descriptions of vacuolar function, enzyme regulation, and the integration of relevant factors in adaptation to different environments. Metabolic maps ( Fig. 1 and 2 ) and a gene-enzyme directory (Table 1) are given for N. crassa( and S. cerevisiae. Arginine metabolism in these organisms has been reviewed in more limited ways previously (1, 49, 52-54, 56, 57, 66, 128, 185, 248) .
BIOSYNTHETIC ENZYMES Ornithine Synthesis
Overview. The synthesis of ornithine in N. cirassa and S. cerev,isiae takes place in mitochondria (10, 45, 127, 238) (Fig.  3 and 4) . The path begins with the formation of acetylglutamate from glutamate in the acetylglutamate synthase reaction. Acetylglutamate is converted in several steps to acetylornithine, followed by transfer of the acetyl group to another molecule of glutamate. This regenerates acetylglutamate as ornithine is formed (Fig. 1) . Thus most glutamate enters the pathway in the transacetylase reaction, rather than in the more costly acetylglutamate synthase reaction. The latter maintains the level of bound acetyl groups as cells grow and divide, and it counters deacetylation. The synthase reaction is feedback inhibited by arginine, as is the next step in the pathway, acetylglutamate kinase. This assures control of ornithine synthesis if arginine becomes plentiful, regardless of the source of acetylglutamate. The cyclic form of the pathway is found in some bacteria (107), but not in E. coli (44a, 232) .
In all microorganisms, the acetylated ornithine precursors go through several chemical steps that nonacetylated intermediates go through in proline biosynthesis (Fig. 1) . I'he acetyl group, therefore, chemically isolates these pathways. In fungi the interaction of proline and ornithine metabolism is restricted to the ornithine transaminase reaction, which is a step in arginine catabolism.
N-Acetylglutamate synthase. N-Acetylglutamate synthase catalyzes the transfer of the acetyl group of acetyl-coenzyme A (acetyl-CoA) to glutan-mate to form N-acetylglutamate and CoA. The pH optimum of the reaction is about 9.0 for the enzymes of N. crassa (114a) and S. (erelvisiae (258) . The apparent K,Ms for acetyl-CoA and glutamate are 1.6 and 6.3 mM for the N. crassa enzyme. They are also high for the S.
(ereviisiae enzyme (258) , although specific values have not been reported. The unusually high pH optimum and high substrate requirements of the enzyme may be related to its location within the small volume of the mitochondria, where it is loosely bound to the inner membrane in both N. c(rassa (114a) and S. cereiisiae (127) .
N-Acetylglutamate synthase is inhibited by arginine in both N. crassa and S. cerevisiae. The yeast enzyme is more sensitive to arginine (50%, inhibition at 0.02 mM versus 0.16 mM for N. (craSS in similar reaction mixtures) (258) . In addition, the effect of arginine on the S. cerevisiae enzyme is intensified by acetylglutamate (which alone has no effect) and CoA (258) . In contrast, arginine sensitivity of the N. c(aslsa enzyme is not modified by acetylglutamate (114a).
These differences have not been correlated with differences in pathway behavior.
N-Acetylglutamate synthase activity is absent in arg-14 mutants of N. crassa (114a) and in arg2 mutants of S. cerevisiae (158) . Proof that these loci are structural genes is lacking. siae the flux in the pathway has been shown to be highly sensitive to variations of the kinase activity (112) .
Both enzymes are mitochondrial matrix enzymes in both fungi (127, 234, 259 ). An early report that the kinase was cytosolic (45) was shown to be erroneous by Wolf and Weiss (259) , who showed that a reaction product (pyroglutamate) of a cytosolic activity was confused with the kinase in vitro reaction product (glutamyl hydroxamate) in the earlier work. This problem also prevails in S. cerei',isiae (25) .
The kinase is feedback inhibited by arginine. The N.
crassa enzyme is half-inhibited by 75 F.M L-arginine, but very little by 10 mM ornithine, lysine, citrulline, or carbamoyl phosphate (259) . The kinase therefore limits ornithine synthesis in conditions of arginine excess. Feedback-resistant mutants have been isolated (240) . The kinase of these mutants has reduced sensitivity to arginine (50% inhibition at 14 mM), and the mutants, unlike the wild type, synthesize ornithine in vivo in the presence of arginine (I. Goodman and R. L. Weiss, submitted for publication). The mutations in these strains are not separable from the kinase structural gene. Given the mitoehondrial localization of the kinase, arginine must reach the kinase by transport or facilitated diffusion from the cytosol.
The genetics of the kinase and reduct.tse have been intensively studied in S. cerevisitie (125, 170) and N. crassa (55, 65, 234) . In both organisms, a single complex locus, airg-6 in N. crassa and ARG5,6 (= argBC) in S. (erelisiae, encodes the enzyme proteins. The genetic work, together with more recent evidence, suggests that the kinase and reductase are derived from a single polypeptide.
Over 60 mutant alleles of the S. cerev'isiae ARG5,6 locus could be classified into three complementation groups (125, 170 Talble few compromising features of the data was that two of the nonsense argS,6 mutants, those mapping closest to the reductase ("distal") ARG5 region, had detectable, albeit weak, reductase function in complementation tests. This conflicts with the rule that there is no reinitiation of translation in eucaryotic mRNAs (138) . However, a low level of readthrough of the nonsense codon is not excluded as a mechanism.
In S. cesreiisice, the two enzymes specified by the a1rg5,6 locus are coordinately controlled over an 85-fold range of activity, in response to the arginine status of the cells and arginine regulatory mutations (170) . No other arginine enzyme was regulated coordinately with the kinase or the reductase. In addition, a cis-dominant constitutive mutation. arg5,6-0c, mapping at the ARG6 end of the locus was isolated, selecting for overexpression of a leaky argS mutation (125) . The mutation affects kinase and reductase equally, but not other arginine enzymes.
Essentially the same picture of the kinase-reductase locus was drawn from a similar study of N. (rassa (Ir-g-6 mutations (55, 65, 234) . In N. (rassa, the biochemistry of the enzymes has been more deeply probed. The enzymes are physically separable in both organisms (170, 234) . In N. (c(SSa, the kinase is an octamer of 51-kilodalton (kDa) subunits, and the reductase is a dimer of about 40 kDa subunits. The separability of the enzymes was a surprise, because virtually all complex loci of this sort are expressed as mature, multifunctional polypeptides (11, 94) . The data required direct tests for a large, polyfunctional precursor bearing both kinase and reductase domains.
A recent study (A. Wandinger, Ph.D. thesis, University of California, Los Angeles, 1985) sought to test the onemRNA, one-polypeptide hypothesis in N. (rassa. Both enzymes were purified to homogeneity, and specific antisera were raised to both of them. In vitro translation of mRNA extracted from a derepressed N. (raSS(a strain yielded a ca. 90 -kDa product which was precipitated with antikinase antiserum. The product, when resolubilized, was reprecipitated with antireductase antiserum. ( It was shown that each antiserum failed to recognize the enzyme to which the other antiserum had been raised.) 'I'his product was large enough to account for the subunit molecular weights of the kinase and reductase (51,000 and 40,000, respectively). A similar product was shown to accumulate in cells in which mitochondrial protein import had been blocked by respiratory uncouplers. The data as a whole suggest that the precursor is the primary translation product of the N. crassa air-g -6 locus and that it is cleaved to the two enzyme subunits as or after it enters the mitochondria (Fig. 5) Ph.D. thesis). In S. cerevisitie, by contrast, nonsense reductase mutants had normal kinase activity (170) . If the two enzymes are aggregated in the mitochondrion, it might allow channelling and protection of the labile intermediate, acetylglutamyl-y-phosphate, in the course of ornithine synthesis. Assuming a 1:1 stoichiometric ratio of subunits. the mature enzymes would fully aggregate if four reductase dimers complexed with each kinase octamer. This possibility cannot yet be evaluated. The issue is important, however, because it highlights the question of whether mitochondrial matrix enzymes, such as those of the Krebs cycle, are specifically organized, or whether their catalytic efficiency derives solely from their high local concentration (207) .
N2-Acetylornithine transaminase, N2-acetylornithine: glutamate acetyltransferase, and acetylornithinase. N--Acetylornithine transaminase and N2-acetylornithine:glutamate acetyltransferase are required for the formation of ornithine from acetylglutamate semialdehyde. The specificity and significance of acetylornithinase is not known.
The transaminase is a mitochondrial matrix enzyme (45, 127) . It requires pyridoxal phosphate to convert acetylglutamate semialdehyde to N2-acetylornithine, using glutamate as an amino donor. Transaminase mutants of N. crassa and S. (cerveisiae (see 'rable 2) are tight auxotrophs, indicating the essential role of the enzyme in the pathway. The acetyl function on the amino group of N-acetylglutamate semialdehyde prevents the cyclization of the molecule seen in proline synthesis (Fig. 1) . The acetylated intermediates are thereby committed to ornithine synthesis.
In the acetyltransferase reaction, the acetyl group of acetylornithine is transferred to glutamate, and ornithine is liberated. Acetylglutamate is therefore regenerated upon the formation of ornithine. As noted earlier, the reaction is the major entry point of glutamate in arginine synthesis, and mutants of this enzyme are almost complete auxotrophs (55) . It is possible that the slight leakiness of these mutants reflects the small amount of acetylglutamate that can be made in the acetylglutamate synthase reaction, combined (63, 141, 147, 193 Given for the glutamine-dependent reaction; the dependence is not str-ictly
Michaelian.
The roles of the two subunits of CPS-A are similar to those of many glutamine amidotransfer-ases. including the CPSs of bacterial (191) . The small subunit splits glutarmine in the course of the reaction, procuring the amide nitrogen for use in a later step. The large subunit carries out all other catalytic functions. These involve the formation of a carbonate-phosphate anhydride, its conver-sion to an enzymebound car-bamate, and the phosphorylation of the latter to form carbamoyl phosphate (257) . Ammonium. at high concentration, can replace glutamine tas a substrate. and the lairge subunit alone catalyzes the ammonia-dependent reaction. TIhe high K,., for ammonium (63. 193) (63, 193 [193] ). 124.000, and 45,000, the last two deduced from the nucleotide sequence of the cloned genes (150. 241) .
In both orgainisms, extracts of mutants lacking one subunit complement in vitro those lacking the other with respect to the glutanmine-dependent reaction (192. 193 ; R. H. Davis and J. L. Ristow, unpublished experiments). It has been impossible to puLify the small-subunit complcncnfting activity of N. crassa. TI'he S. cresisiae small subunit survives gel filtration and diethylaminoethyl-cellulose chromatography, but it too is quite unstablc (193) . In the case of N. crassa, the gluta1mine-dependent activity restored through complementation is even Icss stable than the native holoenzyme, while in S. (cert'I.si(l the two are similar. The data suggest that the subutlits have higher-affinity for one another in S. (crev,isiae than in N. crassa. This is correlated with the different localizations ot CPS-A in the two organisms: the N. cracissi enzyme is mitochondrial. while that of S. cerevisiae is cytosolic ( Fig. 3 and 4) . The requirement for subunit affinity would be much less in the small volume of the mitochondr-ion than in the larger volume ot the cytosol.
Antisera to the 1V. cra.ssa CPS-A lacrge subunit cross-react with co-rrespondinig subunits of CPS of E. coli and of CPS-A of yeasts (174) . TIhe same antiser-a recognize the CPS I of the rat, and the CPS-Ps of N. crassa The ratio ot CPS-A subunits is of interest in connection with maturation and regulation of the enzyme. In N. crassa, the large subunit is not repressible. and its activity rises three-to fivefold upon ar-ginine starvation (45, 62) . By contrast, the glutamine-dependent activity is repressed 4-to 10-fold by arginine and rises 10-fold upon arginine starvation over values characteristic of cells grown in minimal medium (45) . Ihis is correlated. qualitatively, with the intensity of staining of the small subunit in two-dimensional gels (62) . The small subunit is therefore probably limiting at least at the lower end of the range of regulation, behaving in effect as a rcate-deter-mining cofactor of the large subunit. It is not excluded thaLt the aggregation of the small and large subunits in the mitochondria is regulated in some manner by arginine.
In S. cer(eisia(. CPS-A and ornithine carbamoyltransferase are cytosolic (225) . in contrast to most other eucaryotes. The metabolic consequences of this will be discussed in a later section. Regulaltory studies showed that extracts of arginine-grown cells have little glutamine-dependent activity. and only a small amount of ammonium-dependent activity. compared with extracts of cells grown in minimal medium. It might be inferred that both activities are repressed by arginine. However, if the aLssay of the large subunit is performed by adding unlimiting amounts of a cpa2 extr(act (containing small subunit) and assaying the glutamine-dependent reaction that appears. much more large subunit is apparent (192' (148) compartments. Because it has been extensively reviewed (49, 52, 53) , it will not be discussed further here.
Conversion of Ornithine to Arginine
Conversion of ornithine to arginine requires three enzymes, ornithine carbamoyltransferase, argininosuccinate synthetase, and argininosuccinate lyase. In N. crassa, ornithine carbamoyltransferase is in the mitochondria (238), while in S. cerevisiae it, like CPS-A, is cytosolic (225) . In both organisms, the last two enzymes of the pathway are cytosolic (127, 238) .
Ornithine carbamoyltransferase. Ornithine carbamoyltransferase catalyzes the transfer of the carbamoyl group from carbamoyl phosphate to the 6-amino group of ornithine, forming citrulline and inorganic phosphate. The reaction is strongly in favor of citrulline, but it is reversible even in vivo under certain conditions (158) .
Ornithine carbamoyltransferases of N. crassa and S. cereviisiae are trimers of -37-kDa subunits and have estimated native molecular weights of -110,000 (5, 190 (5) , while that of the pure S. cerevxisiae enzyme is pH 8.5 (83) . The pH optima are 0.5 U less for both enzymes in a partially purified state (e.g., 47, 127 (5, 47, 83) . However, the ornithine carbamoyltransferase of S. cer-evisiae displays ornithine substrate inhibition above 5 mM (83, 164) . This is a correlate of a novel control mechanism, to be discussed in a later section (see "Biochemical Integration of Arginine Metabolism"), by which ornithine carbamoyltransferase is inhibited by aggregation with arginase during the transition from anabolic to catabolic conditions (165) .
A mutational variant of N. cr-assa, arg-12S, has only 3 to 5% of normal activity (46, 47) . The (196) . The probable hydrolysis in vivo of pyrophosphate (which severely inhibits the bovine enzyme) renders the reaction physiologically irreversible. The N. cr'assa and S. cereviisiae enzymes have similar pH optima around pH 7.8 (114, 233) . The enzyme from S. cerevisiae has been studied in detail (114) and resembles the mammalian enzyme (114, 196) in many respects. Arginine is inhibitory to the enzyme of both species (114, 233) . This may or may not have regulatory significance.
The structural genes for the enzyme are tlig-I in N. crassa (175) and ARGI in S. cer-eviisiae. Substantial intragenic complementation takes place among mutations of the gene in both organisms (113, 114, 220) , a finding that led S. cerevisiUie workers initially to think that ARGI was a complex locus, ARGI,10. Study of the physical properties of the enzyme (114) reveals that it is a tetramer of identical 49-kDa subunits and, thus, the product of a single gene. (The gene symbol ARG1O has thus been vacated.)
The argininosuccinate formed by the synthetase is hydrolyzed to arginine and fumarate in a reversible reaction catalyzed by argininosuccinate lyase. Pure argininosuccinate lyase of N. crassa has a K,,, of 0.2 mM for argininosuccinate in the forward reaction and K,.,s of 0.5 and 0.8 mM for fumarate and arginine, respectively, in the reverse reaction (27) . The native molecular weight is 176,000 and is constituted of multiple, but an unknown number of, subunits.
Mutations of the gene for the enzyme, airig-1O, display intragenic complementation, consistent with a multiple subunit structure (25, 88, 175) . In S. cerelvisiae, the locus VOL. 50, 1986 288 (crssa. These are the basic amino acid permease (183, 197, 221) and the general amino acid permease (68, 179, 182, 195) , deficient in strains carrying the bhit and ptn,g' mrUtations, respectively. 'I'he basic aminio acid permease hals high affinity for arginine (K,,, = 2.4 x 1) " M) and lesser aiffinities for ornithine, lysine, and histidine (183) . TIhis permease is found in young, rapidly growing cells. In contr-ast, the general system mediates uptake ot all amino aclids, both D and L isomers (182) . Its activity is highest in older-, C-starved (182) and N-starved (86) [184] and by Grenson et al. 1102 ] to indicate inhibition of a transport system by molecules accumulltecd by that transport system. Cooper 1311 defines it as inhibition of one species transpor-t by intraIcellultar molecules of a different species entirely. The LsIage ot Patll and Grenson is retained here.) Second, the uptake of amino acids, particularly basic amino aLids, is accompalnied hy uptake into the vacuole. The relative rates of uptake into the cell and into the vacuole lead to a high concentration of arginine in the cytosol as long as alrginine is avalilahle in the medium (236) . This allows the arginase reaction to proceed while entr-y takes place, but when the medium is diepleted of arginine the vacuolar fraction remains protected as a nitrogen reserve (239) . The vilCUolir sequestration of arginine may be one reason why its efflux from the cell, even by exchange with arginine in the medium. is sIOv.
Arginase and Ornithine T'ransaminase Arginase. In .S. cerciisiae, iarginase, like ornithine carbamoyltransferase. is at ti mulc htiving an A,r of -114(000 with subunits estimated to he 39,000 (190) . (The deduced amino cilid sequence. howeveri iclds a Subunit M,r of 35.616 [2131.) The enzynme hals a high K,,, for-arginine (2 to 5 mM), appropriate for a cataibolic enzyme (168) . The enzyme has a metal requirement, UsIually sitisfied by Mn in assays in vitro. However, kinetic comparisons and pH profiles of native arginase aind va1riously subrstituted metalloarginases led Middelhoven and co-workers to conclude that Fe2' was the cofactor of the .S. ccrev'isieu and rat liver enzymes (168. 169) . TIhe Fe form ot the enzyme is much less active than the Mn form. If Fe2' is the usuail form ot the enzyme, it would rnationalize in pairt the observation thcat arginase activity is far grelater in the usual in vitro assay with Mn-than it appears to be in living cells. An impression otf high activity is turther accentuated by mealsIu,ring the reaction at pH 9.5, the optimum. rather than at the cvtosolic pH of cibout 7 (59, 171) . N. crass(1 ag(a mutants are prototrophic, but they acquire a polyamine requirement on arginine-supplemented medium (59) . The polyamine pathway begins with ornithine, which is decarboxylated to form putrescine ( Fig. 1 and 3) . In arginaseless cells grown in arginine, de novo ornithine synthesis is feedback inhibited, and the aga mutant cannot form ornithine by catabolism. A polyamine dependence therefore develops. In S. cerevisiae arginine does not inhibit carl mutants. This is probably because the requirement for polyamines in S. cervilsiae is so low that special media are required to demonstrate it, even in ornithine decarboxylase-deficient mutants (29, 247) .
Ornithine-b-transaminase. Ornithine-8-transaminase was first studied intensively in N. (rassa in relation to the biosynthesis of arginine and proline (230) . It was thought that it might be a biosynthetic enzyme, converting glutamate-y-semialdehyde to ornithine, but mutant studies did not support this idea (87) . The acetylated pathway of ornithine synthesis was soon discovered, depriving ornithine transaminase of a place in arginine biosynthesis (Vogel and Vogel, Genetics 48:914, 1963) . When mutants lacking the enzyme were found to be prototrophic, it was certain that the enzyme was in fact a catabolic enzyme (60) . In N.
(crSSa, the enzyme has a pH optimum of 7.4 and K,,,s for ornithine and (x-ketoglutarate of about 2 mM (231). The cyclization of the product to A1-pyrroline-5-carboxylate makes the reaction physiologically almost irreversible (Fig. 2) (230) .
Recently, certain higher plant ornithine transaminases were found to use the alpha, not the delta, amino group of ornithine (166) . The product of the reaction cyclized to Al-pyrroline-2-carboxylate, indistinguishable by previous tests from the 5-carboxylate. A recent study in S. cerevlisiae showed that the product of ornithine transaminase was in fact A1-pyrroline-5-carboxylate, and thus the delta amino group of ornithine was donated to ox-ketoglutarate (19) .
S. cerevisiae mutants lacking ornithine transaminase, car2, were selected as unable to use ornithine as a sole nitrogen source. The corresponding N. crassa mutants, ota, were selected by a scheme based on the compartmental behavior of ornithine (50, 60) . The (lrg-12s mutant of N. crassa has a severe bottleneck in citrulline synthesis at the ornithine carbamoyltransferase reaction, owing to low activity and low affinity for ornithine. Because (l1'g-12s imposes no growth requirement, it clearly does not prevent use of endogenous ornithine (made in mitochondria) for citrulline synthesis. However, the mutation blocks use of exogetiouis ornithine as a citrulline and arginine precursor. Thus the double mutant org-S, arg-12s will not grow on ornithine, as does the single mutant carrying only the (arg-5 mutation. If the double mutant is used to select variants able to grow on ornithine (as an arginine source), the majority are deficient in ornithine transaminase activity. The ability of the derived triple mutants to grow on ornithine stems from the much higher pool of ornithine that can develop in such cells, high enough to enter mitochondria and satisfy the high substrate requirement of the mutant ornithine carbamoyltransferase (50).
Urea Degradation In N. crassa, the urease reaction yields CO2 and two molecules of NH4+ by hydrolysis of urea (206) . The enzyme, as far as is known, is similar to the classic ureases of plants (e.g., jackbean urease). Mutations imparting a urease deficiency are known at four loci, two (Oire-l, ,ire-2) close to one another, but not adjacent, on linkage group V (137) and two (iire-3, i-e-4) distantly linked on linkage group 1 (109) . In all four sets of allelic mutants, one or more with a heat-sensitive enzyme was found, suggesting that conceivably all genes contribute to the structure of the enzyme (9, 109) . The tests were done with crude extracts; no work on the pure protein has been reported, nor have tests for remediation by N i2 been done. Ni' is a covalently bound metal in classic ureases, and high levels of Ni' ' were found to reverse some urease deficiencies in Asper-gilllus nidlidans (151) . This may reflect involvement of other genetic loci in the maturation of the enzyme. N. (crasa(1 urease is a large enzyme, like that of jackbean urease (M, -489,000), and the involvement of four loci is not as unlikely as it might at first seem.
In S. (ce1eVisi(e, urea is broken down by a two-step sequence called urea amidohydrolase (198) (199) (200) (201) (242) (243) (244) (Fig. 2) . In the first reaction, urea is carboxylated to allophanate (200) in a HCO3 -, ATP-Mg-, and biotindependent reaction catalyzed by urea carboxylase (200, 242) . In the second reaction, catalyzed by allophanate hydrolase, allophanate is hydrolyzed to two molecules each of CO, and NH4>. The initial reaction has high affinity for urea (K,,, of ca. 0.4 mM) and CO, (K,,, of 1 mM) (244) , and CO, is effectively catalytic in the overall reaction (242) . The investment of an ATP in the reaction and the nitrogen repression of the enzyme (14, 76) imply that the overall reaction has a nitrogen-scavenging role.
The complex genetic locus encoding urea amidohydrolase has components denoted DURI and DUR2 (32) . The two components were tightly linked, and certain mutants with mutations in the DUR2 domain (for allophanate hydrolase) lacked both of the urea amidohydrolase activities. This implied the existence of a multifunctional polypeptide, the allophanate hydrolase domain being translation proximal. Indeed, both enzyme activities were associated with a monomeric, 204-kDa polypeptide defined by gel filtration and sodium dodecyl sulfate-polyacrylamide gel electrophoresis (211) . In this work, rapid immunoprecipitation from crude extracts was done to prevent proteolytic cleavage of the large polypeptide.
Urea amidohydrolase is induced by allophanate (245) (see "Regulation of Catabolic Enzymes"). In the process, the achievement of a constant differential rate of increase of allophanate hydrolase activity preceded that of urea carboxylase by 2 to 6 min (209) . The delay was shown to be the time required for the addition of biotin to the urea carboxylase domain, a process mediated by biotin holoenzyme synthetase (200, 209) .
Fate of A'-Pyrroline-5-Carboxylate S. (ereiiviale strains lacking proline oxidase do not degrade ornithine to glutamate, despite their having ornithine transaminase and pyrroline-5-carboxylate dehydrogenase (19) . Further study revealed that proline was an obligatory intermediate in ornithine and arginine breakdown. In the actual pathway, A1-pyrroline-5-carboxylate is first reduced to proline by the cytosolic proline-biosynthetic enzyme pyrroline-5-carboxylate reductase. Proline oxidase, a mitochondrial enzyme, yields an intramitochondrial Alpyrroline-5-carboxylate pool which is further oxidized to glutamate (20). This circuitous route of Al-pyrroline-5-carboxylate degradation reflects the mitochondrial location of pyrroline-5-carboxylate dehydrogenase (20). The only way its substrate can enter mitochondria is via proline and the proline oxidase reaction ( Fig. 2 and 3 ). In N. crassa, the small amounts of ornithine catabolized by cells grown in minimal medium goes to proline, not glutamate (135) . At high levels of ornithine, glutamate also appears (135) . Thus, as far as they go, the data for N. crassa are consistent with the scheme described for S. (erevisiae.
THE VACUOLE Isolation and General Characteristics
Investigators of fungal arginine metabolism were initially troubled by the large intracellular pools of basic amino acids. If the cellular arginine and ornithine were dissolved homogeneously in cell water, their concentrations would each exceed 8 mM. This would be expected to overwhelm feedback mechanisms and would lead to catabolic enzyme induction. Early tracer work, however, suggested that amino acids in general were compartmented into separate pools: one large, with low metabolic turnover, and one small, with high turnover (37, 38) . In 1973 Wiemken and Nurse (253) , working with Canidida ittilis, and Weiss (235) and Subramanian et al. (208) , working with N. crassa, showed directly that the large pools of arginine and certain other amino acids were largely confined to the vacuole, sequestered from cytosolic amino acid pools used for protein synthesis.
In S. cerevisiae, current methods of vacuole isolation (251) involve digesting the cell wall by incubation with snail gut enzymes, followed by osmotic, mechanical, or polybase lysis of the cell membrane. In all such cases, the osmoticum is adjusted to preserve the integrity of the vacuole. The vacuoles are purified by sedimentation or flotation in sucrose or Ficoll gradients. The S. cerevisiae vacuole is large and fragile, and it is not easy to apply the isolation techniques to cells at all stages of culture. In addition, incubation of cells in snail gut enzyme for over an hour at 28°C (251) may be accompanied by metabolic changes affecting vacuolar contents. N. crassa vacuoles are small and less fragile than vacuoles of S. cerevisiac (42, 227) . They can be isolated after rapid mycelial breakage with a glass bead homogenizer (43) .
The method minimizes opportunities for metabolic changes during cell disruption, and the method can be applied to any stage of growth. Vacuoles of both fungi contain a variety of hydrolases, such as proteases, glycosidases, nucleases, and phosphatases (155, 157, 227, 254) . Vacuoles therefore have the functions of animal lysosomes, a matter reviewed elsewhere (156) . Considerable protein degradation during certain phases of the yeast life cycle proceeds in the vacuole, and arginine may be derived by this route at some stages (210) .
Most or all of the inorganic polyphosphate of S. cereviisiae and N. crassa is found in vacuoles (44, 122, 224) , although disagreement prevails about how much might be associated with the cell wall (140, 222) . Vacuolar polyphosphates have from 3 to 50 P residues in both fungi (82, 176. 227) . A large portion of the basic amino acids (over 95%) are found in vacuoles of both fungi. These neutralize, in part, the strong negative charge of polyphosphate. However, a considerable amount of spermidine is found in N. crassa vacuoles, where it is tightly complexed with polyphosphate (42, 186) . No comparable studies of spermidine have been reported in S.
cerevisiaci. In both fungi, some divalent, inorganic cations, notably Mg", are found. Their amounts depend (at least in yeasts) upon the ions available to the cell (42, 181) . Very little of the predominant cellular monovalent cation (K') was found in the vacuole of N. cra ssa.
The vacuolar pH of N. crassa and S. c(er-evisiae cells grown in minimal medium is about 6.1 + 0.4 (143, 176) . The pH of the cytosol, by contrast, is neutral (143, 177) . The pH gradient is maintained by a distinct, vacuolar protonpumping adenosine triphosphatase (ATPase) found in both organisms (17, 18, 180 (160, 253, 261) .
The other method, used in N. crassa (135, 208) , was based upon earlier radioactive tracer methods (37, 38, 108, 154, 230, 262) and is more accurate in the determination of cytosolic pool size. In its first use (208) , a small amount of arginine, of high specific radioactivity, was added to cells, and the dilution of radioactive arginine by endogenous arginine as it is incorporated into protein was determined. The dilution factor was very small, indicating that the cytosolic arginine pool was very small (208) . The rest was in the vacuole, an inference confirmed by direct isolation (235) . The isotopic method has been applied to arginine, proline, ornithine, and other amino acids. Its rationale and use are described more fully in the last section of this review.
The large pools of basic amino acids of N. crassa and S. cereviisiae were strongly associated (>90% in most cases) with the vacuole under all conditions (160, 227, 235, 253) . About 70% of the cationic charge equivalents in the vacuoles of N. c(raSsa grown in minimal medium are accounted for by basic amino acids, mainly arginine and ornithine (42) . The persistence of basic amino acids during the isolation and purification of vacuoles may reflect in part the impermeability of the membrane to this class of molecule (42, 44) and in part the charge interaction of arginine with polyphosphate (42, 82, 224 ) (see below).
Substantial amounts of all classes of amino acids were associated with vacuoles of S. cerevisiae, and the association depended upon the strain, the medium, and the nutritional status of the organism (160) . Systematic studies have not been done in N. cras.sa for all amino acids. The fraction of the neutral and acidic amino acids that were associated with the organellar pellet in cell fractionation studies of N. crassa suggested some sequestration of these amino acids in the vacuole (227) . Further purification of vacuoles led to diminishing amounts of these amino acids, however. A more critical study of glutamine-, alanine-, citrulline-, and proline-N by nuclear magnetic resonance spectroscopy showed that these molecules were predominantly cytosolic (134, 142, 143) . For the last two amino acids, this was in accord with the tracer study of Karlin et al. (135) . As far as they go, the nuclear magnetic resonance data are in sharp contrast to S.
(ercvisiae, where glutamine, at least, was predominantly vacuolar in cells grown in a similar medium (252) . Because the data for amino acid localization were collected in quite different ways for the two organisms, and because the environment strongly influences the location, the apparent differences between the two fungi should be regarded with caution.
Freshly isolated vacuoles of S. cerevisiae rapidly lost arginine until a 1:1 stoichiometric ratio of polyphosphate-P/arginine was established (82) . It was suggested that, in vivo, the transport of arginine into vacuoles might simply be a matter of charge distribution, in which polyphosphate, an impermeant macromolecule, combined with selective permeability of the vacuolar membrane, trapped basic amino acids in the vacuole (156) . Equilibrium dialysis with vacuolar extracts of S. cerevisiae (82) and synthetic polyphosphate (44, 82) showed that this was not unrealistic. The appeal of the hypothesis was strengthened by the observation that the ratio of vacuolar polyphosphate-P/basic amino acids was 1:1 in both organisms in many conditions (44) .
By manipulation of arginine and phosphate metabolism, disparate ratios of basic amino acids and polyphosphate could be achieved (44, 82) . This showed that neither component was required in stoichiometric amounts for vacuolar accumulation of the other. The conclusion was extended to vacuoles of N. crassa isolated from phosphate-starved or arginine-grown cells. These vacuoles, which were large and fragile and had little polyphosphate, contained a large amount of arginine and other basic amino acids (42) . Arginine did not escape from them, and no alternate, iontrapping polyanion which might take the place of polyphosphate was found. Therefore, arginine was retained by the N. cr.assa vacuole (in contrast to the isolated S. cerevisiae vacuole) not by interaction with a polyanion, but by the impermeability of the vacuolar membrane.
The importance of polyphosphate to arginine retention was diminished further in N. crassa by the finding, noted above, that almost half the polyphosphate of the vacuole was complexed with spermidine (42, 186) . Polyphosphate does reduce the osmotic pressure of basic amino acids, because considerable vacuolar swelling takes place upon growth in arginine as a sole nitrogen source, or after depletion of polyphosphate (42 (81) .
Active transport was demonstrated in vacuolar membrane vesicles of S. cerevisiae by Ohsumi and Anraku (180) . Transport was accumulative and driven by an ATPgenerated proton gradient. The ATPase involved was distinct from mitochondrial and plasma membrane ATPases by the criterion of inhibitor sensitivity. The arginine transport function had an apparent K,/, (arg) of 0.6 mM, some 20-fold higher than the exchange function described by Boller et al. (12) . The specificity of transport was high. Separate systems for HW/substrate antiport for arginine, arginine-lysine, histidine, phenylalanine-tryptophan, tyrosine, glutamineasparagine, and isoleucine-leucine were discerned (202 (17, 18) . This ATPase is associated with membranes of pure vacuoles, and, as in S. cerel'isi(ie, it has different inhibitor sensitivity than the ATPases of the mitochondrion and plasma membrane. The coupling of the vacuolar membrane proton gradient to arginine transport was demonstrated (C. R. Zerez, R. L. Weiss, C. Franklin, and B. J. Bowman, J. Biol. Chem., in press).
The apparent K,., for arginine was 0.4 mM, again similar to the S. (erelvisi(le system. The transport of arginine was not inhibited by ornithine or lysine, but D-arginine was slightly inhibitory at high concentration. Thus, and again like yeasts, the amino acid specificity and the affinity of this system are both different from basic amino acid transport systems of the plasma membrane. (74, 75) . Transport of cytosolic arginine into the vacuoles was blocked by inhibitors of respiration or uncouplers, which considerably lowered the energy charge. However, vacuolar arginine was not lost under these conditions, indicating that metabolic energy was not needed for retention of arginine. This is consistent with the observation (42) that vacuoles retained arginine well in vitro (see above). Other manipulations showed that energy status is involved in mobilization of arginine from vacuoles (75) . For instance, a glutamine deficiency is the metabolic signal denoting nitrogen starvation. Upon glutamine starvation, arginine is mobilized from vacuoles of N. crassa and is catabolized. Respiratory inhibitors and uncouplers block mobilization of arginine. A second finding was that inhibitors of glycolysis, which lowered the ATP pool but did not lower the energy charge, led to loss of arginine from the vacuole in vivo, even though glutamine was not seriously depleted. The loss was again blocked by respiratory inhibitors (75) . The glycolytic derivative acting as a signal for retention or release of vacuolar arginine has not been identified.
REGULATION OF ANABOLIC ENZYMES
Overview N. (rassa displays subdued regulation of arginine enzyme activity. Most biosynthetic enzymes become elevated about fourfold upon arginine starvation (45) . The catabolic enzymes have a high basal level and are induced three-to fourfold upon arginine addition (60) . Of the biosynthetic enzymes, only CPS-A activity is repressed below the levels seen in cultures grown in minimal medium (45 S. cerevisiae, in contrast, displays large amplitudes of regulation of most anabolic and catabolic enzymes. Five regulatory systems have been defined here, two being wholly absent in N. crassa. Biosynthesis is controlled by general amino acid control, by another, arginine-specific, system devoted to six of the nine enzymes of the pathway, and by a third system devoted solely to the small subunit of CPS-A (the first and second are depicted in Fig. 6 ). Catabolism is controlled by a specific arginine catabolic regulatory system, by nitrogen catabolite repression, and by ammonia-induced inactivation of the permeases (Fig. 6) . These systems are all superimposed upon the compartmental and feedback mechanisms we see in N. crassa. A list of trans-acting genes involved in regulation, together with earlier, synonymous symbols, is given in Table 3 .
General Amino Acid Control Behavior of the system and its mutants. Starvation of N. crassa or S. cerevisiae for an individual amino acid, or subjecting cells to concentrated supplements of certain single amino acids, leads to derepression of enzymes of many amino acid biosynthetic enzymes (179; I. B. Barthelmess, Mol. Gen. Genet., in press). The response helps to redress imbalances of amino acids in the cytosol and provides a long-term solution to problems the vacuolar storage pool can correct only transiently. Feedback inhibition fine-tunes the derepression response. General amino acid control, discovered in N. craassa (22) (23) (24) , has been analyzed in great detail in S. cerevisiae. The reader is referred to later papers cited (e.g., reference 116) and reviews (97, 111) as an entree into the area. ("Cross-pathway control of amino acid synthesis" was used to describe this phenomenon when it was originally discovered in N. crassa, and workers in this organism still use this term. In this review, I use "general amino acid control," as it is used by S. cerevisiae workers.)
General amino acid control involves derepression of many of the enzymes of the arginine, lysine, tryptophan, histidine, isoleucine, valine, and leucine biosynthetic pathways upon starvation of cells for any of these amino acids (2, 22-24, 71, 90, 136, 179, 260) . The involvement of other amino acids and the response of other pathways have not been excluded. Only the end product of the deficient pathway will restore normal enzyme levels. The system is not directly influenced by the choice of nitrogen source. Derepression can be evoked by pathway inhibitors such as 3-amino-1,2,4-triazole (a histidine analog). In the case of the arginine pathway of S. cerevisiae, all 10 polypeptides are synthesized at a higher rate (159) , and this is probably true of N. crassa (45) .
Genetic and molecular analyses of the S. cerevisiae system reveal a complex cascade regulatory circuit (116, 117) (Fig. 6) . The regulatory protein that interacts with enzyme structural genes is the GCN4 gene product (121) . Mutations of this gene (gcn4) are phenotypically null (nonderepressible), implying a positive action of the GCN4 product on the structural genes. At least one copy of the hexanucleotide TGACTC (or a closely related sequence) in the 5' nontranscribed regions of the affected genes is required for general amino acid control (73, 118) . The mRNA of GCN4 has a long leader which in wild-type cells leads to poor translation of the coding sequence (115, 217) . The negative effect of the leader is exerted only when a second gene, GCDI, is intact. When the GCN4 leader is missing, or when the GCDI gene is mutant, translation of GCN4 mRNA proceeds, and derepression of the structural genes results. Therefore, gcdl mutations are constitutive. Finally, the action of GCDI is antagonized by three further genes, GCNI, GCN2, and GCN3 (117, 188) (260) . This suggests that the general amino acid control system might address the cell division control system, possibly by arresting growth at Gl upon a serious amino acid imbalance, a situation in which the GCD1 function is blocked.
Other mutations of this system which are poorly understood are Genc, which causes induced, rather than repressed, levels of biosynthetic enzymes in rich medium (159) . The traS mutations are very similar in regulatory phenotype but are not allelic to gcdl mutations. A gcn5 (= aaslO4) mutation complementing with gcnl-gcn4 is also known but has not been placed in the regulatory scheme (188) . Some mutations may have their effect by triggering the general control system indirectly.
In N. crassa, mutations of only one general amino acid control gene, cpc-J, are known so far (2, 55 (93) .
Arginine-Specific Control in S. cerevisiae
Mutations of the ARG80-82 system. The arginine-specific control system of S. cerevisiae is superimposed upon the general amino acid control system. The specific system adds to the amplitude of regulation of six of the nine biosynthetic enzymes (Tables 3 and 4 ). The physiological effector is arginine, other amino acids having no direct effect. Muta- (125) .
he existence of both pleiotropic trians-recessive and cis-dominant regulatory mutations originally invited comparison with the lac system of E. coli. As we shall see, however, the systemri has many unusuLal feaLtures. Among them is the existence of' three genes required to repress arginine enzymeS. Such a "repressor" would have to be a heterotrimer, a conver-gentce of three independent proteins, or the end product of' a metabolic or processing pathway. In addition, it has been suggested that the system has a post-transcriptional component. Finally, the involvement of the arginine-specific system in catabolism, to be discussed later, has led to the discover-y of a regulatory ccascade (Fig. 6 ) of which the ARG80-82 genes are a part.
Molecular aspects of the ARG80-82 system. Cloning of the ARG(3 (omnithine carbarmoyltransferase) gene has allowed dissection of the 5' elements requi-ed for normal regulation (40) . As noted previously, the region required for regulation by the general amino acid control system was -364 to -282 base pairs pr-ior to transcription initiation. An independent region between -170 and +22 (the translation start is +22) The CPA81 system. Two types of mutation affecting regulation of CPS-A in S. cerevisiae have been isolated (218) . They were selected in a ura2C strain, which lacks the pyrimidine-specific CPS-P. Cells of the ura2C genotype are prototrophic, owing to carbamoyl phosphate overflow from the arginine pathway (Fig. 4) . They acquire a uracil requirement in the presence of arginine, because arginine represses CPS-A. Mutants constitutive for CPS-A were selected. One class is CPA1-O-. These are arginine constitutive, closely linked to the CPA] locus, and cis dominant. The second class consists of cpa8l mutations. They are trans recessive, are unlinked to CPA] or CPA2, and reduce the arginine repressibility of the small CPS-A subunit, encoded by CPA]. The two classes of mutations are quite specific, affecting no other polypeptide of the pathway, although CPA1-0-augments the activity of the large subunit in some conditions (192) . The CPA81 gene is similar, in its effect on CPS-A, to the ARG80-82 genes in their effect upon their specific target enzymes. Neither directly affects genes addressed by the other. The CPA81 system, like the ARG80-82 system, is superimposed upon the general amino acid control system (192 (192) . The result is a very small rise, or even a decline, in the glutamine-dependent CPS-A activity (163) . Under these conditions, the large subunit accumulates in the cytosol in a cryptic form, active only in a complementation assay with the small subunit (192 (Fig. 3) .
REGULATION OF CATABOLIC ENZYMES Overview
In this section, the nature and interactions of three major regulatory systems are considered: nitrogen catabolite regulation, inducer exclusion, and arginine-specific regulation (Fig. 6 ). Nitrogen catabolite regulation is a transcriptional control system that governs many nitrogen-catabolic enzymes and that responds to glutamine as a metabolic signal. Inducer exclusion regulates arginine enzymes by blocking entry of arginine into the cell; a prominent part of this is the inactivation of permeases caused by ammonium. The arginine-specific, catabolic control system is specified in S.
cereieisiae by regulatory genes which interact with the ARG80-82 system. In S. cerev'isiae, nitrogen catabolite control is a negative system, as far as one can tell, in which glutamine corepresses the target enzymes (250) . An independent role for ammonium in this system is not excluded (250) . In N. cra.sa, the comparable "nitrogen metablholite repr-ession " system (a term used by workers in filamentous fungi) is one in which glutamine opposes a positive regulaltory element encoded by the niit-2 gene (80, 153) . TIhis regulator is required tor expression of N-catabolic enzymes. including nitrate reductase. Both organisms displaty inducer exclusion. Finally, N. crass a seems to have a simple arginine-specific regulatory system, but it is not yet defined by mutations.
Phenomenologically, N. (rassva and S. cereiisiae are similar in having less catabolic enzyme in minimal medium than in arginine-supplemented medium, and armmonium opposes the augmentation caused by arginine. The complexity of interaction of the systems makes it difficult to resolve its logical elements. For instance, in both fungi, nitrogen starvation leads to increased catabolic enzyme activity, but a large part of this is now known to be due to induction by the arginine being released from the vacuole in these conditions (144, 246) . The discussion below introduces the regulatory systems and their action on individual enzymes of S. (creisviia, followed by a briefer treatment of caLtabolic regulation in N. crassa.
Nitrogen Catabolite Control in S. cerevisiae
Nitrogen catabolite control is an adaptive mechanism which imparts a hierarchy to nitrogen sources, the ones most economically used generally being used first. Thus maximal elevation of arginase activity is seen only when arginine is present and when ammonium or other preferred nitrogen sources are absent (30, 35, 36, 153, 250) .
The major metabolites involved in nitrogen catabolite repression are ammonium, glutamate, cand glutamine (30, 250) . If ammonium is plentiful, it is converted to glutamate in the nicotincamide adenine dinucleotide phosphCate (NADP)-glutamate dehydrogenase reaction; glutamrate and another molecule of ammonium are converted to glutamine in the glutamine synthetase reaction. Glutamine (or a closely related derivative) exerts profound negative effects on enzymes devoted to nitrogen assimilation. The effect of glutamine is presumed to be mediated by al key regulatory protein which has yet to be identified. Mutants of the GDHICR locus (named for the constitutive state of its NADglutamate dehydrogenase activity, but not (a structural gene for either glutamate dehydrogenase) are derepressed for many glutamine-controlled enzymes. Wiame et al. (250) hypothesize that the GDHCR gene product may be the general, glutamine-binding, nitrogen control aporepressor, working negatively on a variety of structural genes. Ammonium and glutamate, therefore, must be converted to glutamine to exert many of their effects.
It is possible that ammonium may have effects on the nitrogen catabolic control circuit independently of its conversion to glutamine. Not only does ammonium take part directly in inducer exclusion (see below), but it has been suggested that some effects are mediated by the enzyme NADP-glutamate dehydrogenase (which would make this enzyme a regulatory protein) and the GDHCR product. The latter question is unresolved, and the reader can explore this issue further by reference to recent reviews (30. 250 (248) . The genetic data imply that the zaction of the ARG80-82 regulator is to oppose the negative control of the CAR80-82 regulator on catabolic enzymes (Fig. 6) . The level of gene expression at which this takes place has not been defined (see below). A direct, protein-protein interaction was favored initially (72, 248) , and the postulated interaction could take place in the cytosol or on the DNA of the catabolic structural genes. The dual role of the ARG80-82 regulator was further demonstrated by the isolation of an -alr.gRjjd'-mutation, an allele of the ARG8I gene (78) . Unlike the usual arg8I mutations, argRIld is dominant, and strains bearing it display constitutive catabolic enzyme synthesis. Such a strain retains relatively normal anabolic regulation. The phenotype of this strain suggested that the argRII" pr-odLICt could bind to, and Over 1 kilobase of the 5' precoding region of the CAR! gene has been cloned and mapped by restr-iction enzymes, and the sequence is known to about nucleotide -600 prior to the start (ATG) of the coding region (126, (212) (213) (214) (214) . The position was in a 10-base sequence also found at -167 in the CAR2 gene, which is similarly controlled by arginine. Deletion of 13 bases around base pair -153 from the wild-type CARI gene also rendered the expression of the coding sequence constitutive (214) .
The most intriguing findings were on the effects of deletions of the 5' region, measured by using the expression of 3-galactosidase directed by 1lcZ protein fusions (215 (215) . A similar analysis of CARI-0 5' sequences supports this conclusion. In contrast to the findings with the wild-type segment, deletions of the putative positively acting site(s) between -219 and -190 did not impair constitutive expression at all, as if the positive site were not required if the negative site were mutated. As indicated, nitrogen-and arginine-responsive sites in the 5' region were not resolved.
Another study of this region by Dubois and Cunin (personal communication) manipulated the 5' C'ARI sequence with the CYCI-lacZ construct, in which no CARI mRNA sequences were included. The intent was to determine whether segments of the 5' sequence could be identified with the action of the (arg80-82 and car80-82 mutations. It is easy to presume from the work just discussed that the -153 site identified with a CARI-0 mutation is in a target for the arginine-specific CAR80-82 regulatory system. In fact, plasmids bearing the 5' segment -410 to -100 are completely responsive to arginine-specific regulation. When (167) . However, if auxotrophs were deprived of arginine and then starved for ammonium, arginase activity did not rise (246) . Arginase was still inducible by added arginine or homoarginine (246) . Finally, an arg8l mutant (which remains responsive to nitrogen catabolite control) does not respond to nitrogen starvation (250) . All of these data suggest that, upon ammonium starvation of wild-type cells, vacuolar arginine is released into the cytosol and induction takes place. This was proven directly in N. crassa (144, 145) , the arginase of which does not respond to nitrogen catabolite control (see below).
That nitrogen starvation can act via arginine induction does not preclude nitrogen catabolite control as well, and in fact nitrogen control also prevails, as we have seen. Because nitrogen starvation will stop growth, the long-term effect of this condition must be studied in continuous, nitrogenlimited cultures grown in chemostats (250 [213] [214] [215] . Evidence was first obtained using the enzyme-synthetic capacity of cells in which RNA metabolism was manipulated in vivo as a criterion (13) . These studies indicated that the induction of arginase by arginine or homoarginine was due to a stimulation of transcription.
With cloned CARI DNA, Cooper later showed greater amounts of mRNA (estimated at about 12-fold) in wild-type cells grown with arginine as a nitrogen source over those grown with the poor nitrogen source proline (212) . This does not clearly resolve arginine induction from relief of nitrogen repression (both aspects may vary in a comparison of arginine-and proline-supported growth). Most of the CARI mRNA was recovered in the polyadenylated fraction (212) . On proline medium, constitutive regulatory mutants had more CARI mRNA than did the wild type: fourfold in the case of car80 and eightfold in the case of CARl-O-. The increase in mRNA was consistent with the higher levels of arginase.
The constitutive mutations responded differently to nitrogen repression, brought about in this work with asparagine as a nitrogen source. CAR] mRNA of car80 was repressed 65-fold by asparagine, while that of CARI-0-was repressed about 2-fold (212) . This indicates again that the nitrogen repression signal does not work through the CAR80 product.
The data for CARI-0-are compatible with data cited above indicating a twofold nitrogen effect on arginase activity of such mutants.
The data from other groups (126, 162 ) cannot be reconciled wholly with those of the Cooper laboratory, summarized above. The Brussels group found that the effect of ammonia on CARl mRNA correlated well with effects on enzyme activity (162) . However, in the same study, it was concluded that regulation of CARI mRNA by the argininespecific regulatory system was at least partly posttranscriptional (see below). If this were to be confirmed, it would reflect a remarkable parallel to ARG3 regulation by the general amino acid and arginine-specific control systems.
A major discrepancy between mRNA and enzyme activity was encountered in a quantitative study of CAR] mRNA content and stability (162) . Comparing total CAR] mRNA with arginase activity, it was found that the enzyme-inducing effects of arginine or of the car80 mutation (both affecting the arginine-specific system) were not correlated with effects upon mRNA. The small increase (ca. 1.2-fold) could be attributed to greater stability of the mRNA. The greatest mutational effect on mRNA was that of the CARI-0-mutation, for which a sixfold increase over wild type in ammonium-minimal medium was seen. (This observation is in fact compatible with Sumrada and Cooper's observation on this mutation.) The experiments correlated the larger amount of CARl mRNA, however, with a stabilization of the message (162) . The observations on mRNA-enzyme discrepancy are the basis of the postulated post-transcriptional control, in both catabolic and anabolic systems (162) . Differences between laboratories regarding the behavior of mRNA (cf. references 162, 212), differences in nitrogen supplementation regimes, and the possibility that nonpolysomal mRNA is not dependably extracted (Messenguy, personal communication) further complicate the issue. The data favoring post-transcriptional regulation can be definitively judged only by further molecular work. It is difficult to reconcile post-transcriptional control with work already done on gene fusions involving CARI 5' sequences in which the CARI transcript is entirely lacking.
Another type of mutation causes constitutive expression of arginase, and the activity is modulated by the mating type state of the cells. These mutations reflect insertions of Tyl DNA into the 5' region of the CAR] gene. It was of interest that Tyl insertions had similar effects whether they were -135 or -700 to -800 base pairs 5' to the start of translation (126) . The CARI transcript sizes were similar. This indicates that transcription can be disturbed by quite long-range influences and that the most 5' Tyl insertion imparts constitutivity despite the intactness of the putative positive and negative control sites nearer the coding region.
Ornithine transaminase. For the most part, ornithine transaminase responds to the trans-acting mutations car80-82 and arg80-82, much as arginase does (72, 248, 250) . It is suggestive, as noted, that the 5' DNA of CAR2 (ornithine transaminase) has a 13-mer at -167 in common with the sequence in CARI, in which CARJ-0-mutations lie. Arginine induction of ornithine transaminase is independent of conversion of arginine to ornithine, and homoarginine, a nonmetabolizable analog, can also induce arginase. Ornithine also induces ornithine transaminase somewhat, either because it resembles arginine or because it displaces arginine from the vacuole.
Ornithine transaminase does not to respond to nitrogen catabolite repression. The low ornithine transaminase activity of arg80 cells (which cannot be induced by arginine) is the same in nitrogen-rich or nitrogen-limited medium, in contrast to arginase activity, which is repressed by good nitrogen sources (250) . Similarly, ornithine transaminase activity fails to respond to mutations, such as gdhl and glnl, that release nitrogen metabolite repression on other enzymes, including arginase. If the enzyme activity of wild-type cells grown in arginine is compared with that of cells grown with arginine and ammonia, activity is greater in the absence of ammonia (72) . The difference can be accounted for wholly by inducer exclusion. The level of induction is very closely correlated with the level of the intracellular arginine content over a wide range (72) . The data suggest that arginine is the inducer, assuming that there is a direct relationship between the intracellular arginine content and the cytosolic arginine pool. A slight induction of ornithine transaminase by allophanate is described below.
Regulation of urea and proline degradation. Arginine catabolism in S. cerevisiae takes advantage of the purine and proline degradative pathways (Fig. 2) . The urea produced in the arginase reaction is degraded by the urea amidohydrolase reactions. This enzyme system, and the allantoindegrading pathway of which it is a part, is induced by allophanate, the intermediate of urea degradation. The basal levels of allantoin-degrading enzymes are sufficient to produce increased levels of allophanate when atllantoin levels increase. The allophanate will then trigger induction of earlier enzymes of the pathway (33) . In the case of airginine degradation, urea produced in the arginase reaction will lead to urea amidohydrolase induction and to induction of allantoin-degrading enzymes as well.
Recessive mutations at two loci. IDURL and I)URM, render the allantoin pathway uninducible (123 (26) . The interaction of dlal80 and dal81 mutations is complex and has not been studied at the molecular level. While the phenotype of the du.,L and ditirM mutants implies positive control, proof that the structural genes are addressed directly by the DURL and DURM gene products is lacking.
Urea amidohydrolase is subject to nitrogen catabolite control (146) . Evidence that this enzyme, like arginase, is repressed not only by glutamine, but also more directly by ammonia, has been adduced by the Brussels group. The reader is referred to the review by Wiame et al. (250) for details.
An unusual feature of ornithine transaminase regulation is its induction by allophanate (and its nonmetabolizable analog oxalurate) (110) . It was found that ornithine transaminase was induced in dir2 mutants, which accumulate allophanate.
The diurL and d,liM mutations, which block induction of urea amidohydrolase by allophanate, also block allophanate induction of ornithine transaminase. Because arginine can induce ornithine transaminase in duil mutants, which cannot make allophanate, the effect of the latter must be secondary. Interestingly, a strain bearing the constitutive, cis-dominant CAR2-0-mutation retains some induction (about twofold) by arginine, while the CAR2-O-di,r-2 double mutant is fully induced. This implies that the twofold effect of arginine in the single mutant is sequential, via allophanate. Because arginine is an adequate inducer for ornithine transaminase, it is not clear why the enzyme also responds to allophanate.
Finally, the ornithine transaminase reaction, if copious, leads to proline accumulation. Proline induces proline oxidase and pyrroline-5-carboxylate dehydrogenase, both mitochondrial. These degrade proline to glutamate (19, 20) . Thus the complete degradation of arginine to glutamate requires sequential induction of the arginine and proline degradative pathways.
Regulation of Catabolic Enzymes in N. crassa Arginase and ornithine transaminase are present at substantial levels in N. crassa, even in the absence of external arginine. Arginine induces the enzymes 3-to 10(-fold, depending on the enzyme and the medium (60, 86, 95, 237) . Arginine is a good inducer of both enzymes; it is an inducer of ornithine transaminase even in arginaseless mutants. which cannot form ornithine (59) . Ornithine induces arginase and ornithine transaminase only slightly (59) and may act by displacing arginine from the vacuole. Urease is quite active in N. (crassa; it participates in purine degradation (51) . but its regulaltion has not been studied. Proline may be an obligatory inte-mediate in ornithine degradation, as noted previously, but this has not been proved.
A study of the kinetics of ornithine transaminase induction (237) (153) . The phenotype that it imparts suggests that it has a positive role in enzyme regulation.
Vot-5(), 1986
Mutants carrying nit-2 mutations have been correlated with the absence or alteration of a nuclear, DNA-binding protein that is removed from N. crassa DNA by glutamine (106) . The nit-2 mutation has no direct effect upon the regulation of arginase and ornithine transaminase (86) .
There have been contrary suggestions that arginase activity was in fact controlled by the nitrogen metabolites ammonium and glutamine (226) . The observations were accompanied by data on cellular arginine content, which was not grossly affected. However, the steady-state pool was not clearly localized to the cytosol. Later studies (84, 96) acknowledged the importance of knowing the intracellular distribution of arginine, but were unable adequately to specify the instantaneous rate of arginine uptake and sequestration. The difference in the conclusions of Vaca and Mora (226) and Facklam and Marzluf (86) about nitrogen control of arginase may be because the first authors used 1 mM arginine, while the latter used 10 mM as inducer. It is not clear why this difference should create a difference in the regulatory effects of arginine, because transport functions should be saturated with either one. A further point is that Facklam and Marzluf measured arginine transport on a very short-term basis and found that the rate was greatly diminished by ammonium. Thus "nitrogen repression" of arginase here may be exerted by way of inducer exclusion.
A 10-fold increase in the arginine transport rate upon ammonium starvation of the wild type was not seen in nit-2 mutants (86), indicating again the positive character of the nit-2+ action on the permeases responsible (mainly the general amino acid permease). The problematic character of the data of the two groups described above suggests a consideration that must be foremost in experiments of this sort. The cytosolic level of arginine, both a substrate and an inducer of arginase, is determined by relative rates of arginine uptake, synthesis (if it occurs), sequestration into the vacuole, and the use of arginine in protein synthesis, i.e., growth. It is virtually impossible to know what the cytosolic levels are unless they are measured directly, with an isotopic method.
In a study focussed on the effect of glutamine on arginine mobilization from the vacuole, Legerton and Weiss (145) demonstrated that the metabolic signal for mobilization was a glutamine deficiency. Thus, upon nitrogen starvation, arginine exits the vacuole to the cytosol and induces arginase. The authors suggest that arginase and ornithine transaminase are removed from nit-2+ control (86) because arginine is a prominent nitrogen reserve in vacuoles. Nitrogen starvation could therefore lead to mobilization and use of arginine without the need for nit-2 '-induced gene expression. Gene products dependent upon nit-2' could therefore be synthesized readily from the nitrogen metabolites that arginine would provide more immediately. Unfortunately, the role of the nit-2+ product upon arginine mobilization was not specifically tested.
BIOCHEMICAL INTEGRATION OF ARGININE METABOLISM Anabolic Flux to Arginine
Introduction. The metabolic rates of many reactions of the arginine pathway of N. crassa are known, and our understanding is enhanced by knowledge of compartmentation of small molecules. In fact, even rates of transport across intracellular membranes have been measured. By contrast, less about determination of flux is known in the case of S.
cereviisiae. Therefore, this discussion will concentrate mainly upon N. crassa until adaptive mechanisms in the two fungi are compared.
In a theory of metabolic flux that owes much to the contemplation of the arginine pathway of N. crassa, Kacser and Burns (133) (4, 91) . Cases in point are the arg-12s mutation, causing a 95% decrease in ornithine carbamoyltransferase activity, and certain partial revertants of arg-10 mutations, which do not lead to severe growth impairments (4, 46, 132 (204) and has extended it by analyzing existing regulatory systems with respect to optimal design considerations.
An early study showed that the activity of the last three enzymes of the pathway were at their fully repressed level in minimal medium (4). This conclusion was later extended to most other enzymes (45, 114a) . Only when the cellular arginine content dropped to one-quarter the level seen in minimal medium-grown mycelia did derepression begin (4 (91) .
A study by Hilger et al. (112) in S. cerevisiae took a similar approach to the question of sensitivity of the system to enzyme depletion. With tetraploids, they were able to vary the wild-type/mutant allele ratio from 0:4 to 4:0 for four enzymes. They found that limitation of the wild-type alleles of the ARG5.6 locus, imposing a deficiency for acetylglutamate kinase activity, and of CPA1, imposing a deficiency for the small subunit of CPS-A, led to increased activity per wild-type allele, starting at about 2 wild-type to 2 mutant alleles. The derepression of these gene products, which are the "entry points'" of the pathway, was accompanied by derepression of the other enzymes. The latter was a systemic response to the limitation of the arginine pool imposed by the heterozygous locus. In contrast, a similar series for ARG3 ( (51, 208) . The early work on the vacuole of N. crassa, however, showed that <10% (206, 235) , later reduced to about 1% (135) , of the cellular arginine was cytosolic. The methodology used in these and other studies allowed determination of many of the dynamic parameters of pool distribution and the metabolic fates of intermediates. The method used to find cytosolic amino acid pool sizes was based on isotope dilution. The rationale was to determine the isotopic dilution of a compound, added externally at high specific radioactivity, as it entered the cell, mixed with the cytosolic fraction of that compound, and was used in metabolic reactions. Thus Subramanian et al. (208) showed that a tracer level of [14C] arginine, added to cells growing in minimal medium, all entered cells within 2 min. It found its way into protein within 10 s, with much less dilution than would have occurred if all of the cellular arginine were cytosolic and accessible to protein synthesis.
In this and other studies (15, 16, 135, 236) , the specific activity of the substrate of a reaction in vivo (e.g., arginine in protein synthesis) was determined by dividing the counts appearing in the product of that reaction by the nanomoles of the substrate entering product in the same interval. The denominator was calculated independently from the rate of synthesis of the product (and its derivatives) required to maintain the steady state during exponential growth.
Three ways of calculating the cytosolic pool of arginine have been used (135) . One was to determine the time needed to replace the cytosolic arginine pool (the precursor of protein arginine) one time as the pool approached constant specific radioactivity. This was done by extrapolating the linear phase of entry of counts into protein to the x axis of the time curve. With the rate of entry of arginine into protein being known, the amount of arginine which entered protein in the interval between time zero and the x intercept could be calculated. This figure was the amount of arginine in the cytosol at steady state. The second method was to determine the dilution of added arginine by the cytosolic pool as the mixture was fixed into protein in the first (10-to 20-s) interval. The third method was to compare the specific radioactivity of arginine being used as a protein precursor with the total arginine of the cell. If the former is 50-fold more radioactive than the latter, then 1/50 of the arginine in the cell is cytosolic. The best estimate of the amount of arginine in the cytosol is about 1% of the total arginine of the cell (135) . An experiment in which [14C] arginine is used by wild-type cells and an interpretative diagram are presented in Fig. 7 .
['4C]arginine, when taken up by N. crassa, is not only used for protein synthesis, but is also sequestered in the vacuole. There it persists, exchanging with the arginine of the cytosol. At steady state (after all ["4C]arginine has been taken up from the medium), the exchange rate across the vacuolar membrane could be calculated (15, 135) . The rate calculations suggested that about one-third to one-half of the arginine that was used for protein synthesis had passed through the vacuole (208) . In terms of net amounts, N. crassa, grown in minimal medium, allocates about 89% of its biosynthetic arginine to protein synthesis and 11% to maintaining the vacuolar pool.
Finally, the isotopic data showed that arginine taken up from the medium, arginine emerging from the vacuole, and arginine that was formed in the argininosuccinate lyase reaction were indistiguishable kinetically. This put to rest an issue raised by work in the 1950s (37, 38) , which suggested that biosynthetic (endogenous) and exogenously added amino acids had different relationships to protein synthesis.
If the cytosolic pool of arginine were 1% of the cellular arginine, and if cytosolic water were 80% of cell water, the concentration of arginine in the cytosol would be about 0.1 mM. At this level, the rate of urea formation by a Michaelian arginase (K,, [arg] = ca. 20 mM) would be detectable over a long period of growth. As noted above, no arginine catabolism was seen in such cultures, owing to sigmoid substrate kinetics and severely suboptimal conditions in vivo for the enzyme.
In summary, the steady state of the arginine pools in cultures grown in minimal medium is maintained by distribution of arginine to the vacuole and to protein synthesis, leaving little in the cytosol exposed to arginase and arginyltRNA synthetase. The K,, of arginase, ca. 20 mM (Borkovich, Ph.D. thesis), is much higher than that of arginyl tRNA synthetase (2 x 10-5 M) (173) . This, combined with other conditions relating to arginase activity, forces all arginine toward storage or protein synthesis. In view of the full repression of the enzymes, and the lack of feedback inhibition in these conditions, the steady-state arginine pool is maintained by enzyme design and arginine compartmentation. This will become clearer when we later consider the transition to catabolic conditions. Cellular distribution and metabolic fate of ornithine.
Ornithine is made in mitochondria, where it is used by ornithine carbamoyltransferase. To ornithine as it passed from the cytosol to become a substrate of the ornithine carbamoyltransferase reaction. By elimination, the rest (over 98%) was presumed to be in the vacuole, and this was supported by Weiss's earliest work on this organelle (235) . The determination of ornithine distribution in vivo was based on samples taken in the first 0.5 min or so after addition of ['4C]ornithine to a minimal medium-grown culture. A quasi-steady state was reached during ornithine uptake (O to 2 min), during which it was possible to calculate the exchange across the mitochondrial membrane (15, 135) . The rate at which ornithine entered mitochondria was approximately equal to its rate of synthesis inside the mitochondrion. This implied that the rate of exit was even faster, because ornithine is diverted in the cytosol to the vacuole and the two cytosolic enzyme reactions. The exchange rate across the vacuolar membratne was also rapid. the exit and entry rates being 75 to 85> otf the rate that ornithine was used in the ornithine carbamoyltransferase reaction (135) .
The exchange of ornithine across the mitochondrial and vacuolar membranes suggests that these processes might exert metabolic control. In fact, as we shall see below, both exchanges are profoundly altered during catabolism. At the anabolic steady state, however, the cytosolic ornithine concentration is determined by biosynthetic enzymes which are not feedback inhibited, but fully repressed, together with the net utilization and exchange rates noted above. What would happen if ornithine concentrations in the cytosol should rise unduly'? First, ornithine can be taken into the vacuole. (This can be directly shown after addition of ornithine to cells.) Second, the ornithine transaminase reaction, in contrast to the arginase reaction, actually functions in anabolic conditions as an 'overflow valve." Approximately 5 to 10% of ornithine biosynthesized is lost through this Michaelean reaction at steady state (15, 135) . The fate of the product is proline, and therefore the ornithine "lost" is actually captured in a biosynthetic end product (135 (66) . Ornithine entering the cell from the medium may have a special relationship to the ornithine transaminase reaction. During the brief period of uptake, isotopic ornithine was used much more rapidly than after it entered, as though the transaminase (or a fraction of it) was juxtaposed to the membrane transport system (15, 135). Such a relationship had often been suspected (50, 230) , but, as in this instance, no direct proof was obtained.
Ornithine decarboxylase does not require much ornithine to maintain cellular polyamines (187) . The amount of ornithine used for polyamine synthesis is approximately the same as the amount catabolized (135) . The K,, of ornithine decarboxylase is approximately 0.2 mM (85), and the enzyme is highly regulated by synthesis and inactivation (58) . It is therefore able to respond quickly to alterations of ornithine concentration (187) , and it is fully saturated in catabolic conditions.
To summarize, the normal allocation of ornithine is 8% to the ornithine decarboxylase reaction, 11%, to the transaminase reaction, 74% to the ornithine carbamoyltransferase reaction, and 7% to the vacuole (15, 57) . The allocation takes place while ornithine exchanges rapidly across the mitochondrial and vacuolar membranes. High concentrations of ornithine are maintained, however, in the mitochondrion and in the vacuole. The implication of the high levels of ornithine in the mitochondrion and the loss of ornithine to catabolism is that rates of citrulline synthesis are more sensitive to variation in the rate of carbamoyl phosphate synthesis than to variation in the rate of ornithine synthesis.
Onset of Catabolism N. crassa. A number of processes ensue upon addition of arginine to a culture of N. craSsa growing in minimal medium (Fig. 8A) . First, arginine rapidly enters the cell and raises the cytosolic arginine concentration (236) . Urea formation (measurable in lare-I strains) begins immediately.
Arginine also enters the vacuole and displaces ornithine (16) . A high and constant rate of ornithine consumption from the cytosol by ornithine transaminase therefore begins. This is sustained thereafter by ornithine from the arginase reaction (16) . Thus, within seconds after arginine is added, a functioning catabolic pathway is established, complete to glutamate-y-semialdehyde and proline (66) (Table 5) . After 1 h, the cellular arginine content has risen by 10-fold, 20% of which is cytosolic (236) . The cytosolic concentration of arginine is estimated at 15 mM. The ornithine content of cells drops by this time to 45% of normal, but all of it is cytosolic.
The cytosolic ornithine concentration is about 5 mM (16) . The concentrations of both catabolic substrates, then, equal or exceed the K,,s of the enzymes that use them. The onset of catabolism occurs well before catabolic enzymes are induced (237, 239) .
The second event is the entry of arginine into the mitochondria. There, it feedback inhibits acetylglutamate kinase and acetylglutamate synthase in less than 3 min after addition of arginine (16, 96) . The result is that ornithine synthesis ceases in mitochondria, and further citrulline synthesis takes place at the expense of ornithine that enters from the cytosol (15, 16, 96) . Tracer studies show that ornithine remains available there in high concentration as a product of the arginase reaction, but that rather little enters mitochondria (15, 16) . Because arginine does not feedback inhibit CPS-A or ornithine carbamoyltransferase activity, we must ask why mitochondrial ornithine does not flood the mitochondria and drive an active ornithine cycle.
The answer to this question is that the high level of arginine in the cell inhibits passage of ornithine into mitochondria. The net effect of blocking intramitrochondrial synthesis of ornithine and reducing transport of ornithine from the cytosol is an immediate reduction of citrulline synthesis to 25% of the rate prior to arginine addition (15) . This rate (determined with isotopic methods) diminishes slowly with time (15) . Only after 8 h following arginine addition, or more than two mass doublings, does citrulline synthesis become undetectable.
Further study of these phenomena was done on the aCrg-I strain. This mutant lacks argininosuccinate synthetase and therefore accumulates citrulline when it is starved for arginine. The control of citrulline synthesis could therefore be analyzed more directly than in the wild type. Mycelia of strains carrying the ar-g-I mutation were grown in arginine, washed, and transferred to arginine-free medium. Derepression of CPS-A and relief of feedback inhibition led within 2.5 h to a constant and high rate of citrulline accumulation. Addition of arginine during this phase led to immediate reduction of citrulline synthesis to about 5 to 10% of the prior rate (61) . This is a somewhat greater proportional effect than in wild-type cells (see above), but it is very similar in absolute terms.
To demonstrate that the effect of arginine was not directly on CPS-A or ornithine carbamoyltransferase, a double mutant strain carrying both the a-g-I mutation and siip-3, a mutation conferring feedback resistance upon acetylglutamate kinase, was used. This strain was immune to the effect of arginine upon citrulline synthesis (61) . This showed that neither CPS-A nor ornithine carbamoyltransferase was seriously inhibited by arginine in vivo. The important difference between the ar-g-I and the arg-lI slip-3 strains was that ornithine continued to be made in the mitochondria of the double mutant. The data suggested that arginine, when added to the ai-g-l strain, blocked the entry of cytosolic ornithine into mitochondria as well as feedback inhibiting the synthesis of ornithine within mitochondria. Other data, using other amino acids, showed that arginine was probably competing with ornithine for a basic amino acid transport function in the mitochondrial membrane. In vitro tests to define this function were unsuccessful (T. Paulus (13) . This is different from the sluggish induction of the enzymes of N. (rassa. Both arginine and ornithine become plentiful in the cytosol. In S. cer.evisiae an unusual mechanism leads to inhibition of ornithine carbamoyltransferase at the onset of catabolism (Fig. 8B) .
In ornithine carbamoyltransferase assays of permeabilized cells, the activity declined rapidly after arginine addition, with the kinetics of arginase induction (8) . Ornithine carbamoyltransferase activity was restored upon extraction of cells. The phenomenon, reconstructed in vitro, involves the specific aggregation of one molecule each of ornithine carbamoyltransferase and arginase in the presence of arginine and ornithine. The inhibition of ornithine carbamoyltransferase is complete at high levels of arginine; arginase activity is not inhibited (164, 165, 248) . The inhibition of ornithine carbamoyltransferase by arginase is possible because, in S. cerevisiae, both enzymes are cytosolic. Clearly, N. (rassa could not use this mechanism, nor could S. cerevisiae limit the cycling of ornithine by inhibiting its transport across the mitochondrial membrane.
Inhibition of ornithine carbamoyltransferase by arginine is an intensification of substrate inhibition by ornithine. Originally, an isosteric site on ornithine carbamoyltransferase, distinct from the substrate binding site, was postulated, owing to the ability of acetylation and certain mutations in the ARG3 gene to nullify substrate inhibition without disturbing catalytic activity (164) . More recent biophysical studies, which confirm the basic phenomenology, reveal no isosteric site for ornithine by several sensitive criteria; the site involved in substrate inhibition is in all probability the active site (82a). The term "epiprotein'' (and in this case, "epiarginase") has been coined to refer to proteins having regulatory, inhibitory action through stoichiometric binding (248) . It is similar to the term "antizyme," coined more recently for an ornithine decarboxylase inhibitor of procaryotic and eucaryotic cells (21) .
The physiological significance of the epiarginase phenomenon can be inferred: upon the appearance of high levels of arginine in the cytosol, catabolism will begin, aided by induction of arginase. The ensuing inhibition of ornithine carbamoyltransferase would block a futile ornithine cycle.
(As in N. CrazSsa, CPS-A is not feedback inhibited by arginine in vitro [248] .) The A systematic study of other yeasts shows that all species of Sacchularonces and a few others have the epiarginase mechanism of ornithine carbamoyltransferase inhibition (225, 228) . None were obligate aerobes. The mechanism correlates exactly with the cytosolic location of ornithine carbamoyltransferase and CPS-A and for the most part with substrate inhibition of ornithine carbamoyltransferase. In addition, inhibitory arginases were trimeric, as opposed to hexameric (190) .
The remaining features of the onset of catabolism of S.
(crei'isiae may be similar to those of N. (66) . Despite the fact that ornithine appears via catabolism at a greater rate than it is biosynthesized during growth in minimal medium, it is neither stored nor cycled. Instead, it is channelled largely into the ornithine transaminase reaction, owing to the arginine-blocked entry of ornithine into vacuoles and mitochondria. All ornithine arising from catabolism at steady state can be accounted for roughly in reactions other than ornithine carbamoyltransferase (Table   5) .
Three doublings (8 h) are required to achieve this state.
This is a time consistent with the dilution of preexisting CPS-A to its repressed level of one-fourth to one-tenth that seen in minimal medium-grown cells (15, 45, 62 Ristow, who has loyally and effectively contributed research assistance to all phases of the work in the last decade. This work has been supported over the years by the National Science Foundation, the Public Health Service National Institutes of Health, and the American Cancer Society.
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